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Abstract 
The thickness of Tungsten monoblocks composing the future ITER divertor is supposed to be 8 mm only. Therefore, severe 
erosion caused by high heat fluxes during transients, such as Type I ELMs and disruptions, is a limiting factor to PFCs lifespan. 
Under the influence of extreme heat fluxes expected during ITER transients serious surface modification of the Tungsten 
monoblocks is anticipated. Moreover, melting of a thin surface layer is likely to happen. Melt motion contributes seriously to the 
material erosion. The other sources of erosion are melt splashing, in the form of droplet ejection, and evaporation. These 
mechanics lead to a cold dense secondary plasma region formation near the irradiated surface. Intense re-radiation of the 
incoming plasma flow energy in the secondary plasma layer results in a significant reduction of the heat flux reaching the target 
surface. Accounting for this vapor shielding effect is essential to estimate the surface erosion under influence of intense plasma 
flow properly. In this paper a simple model capable of reproducing one of the key features of vapor shielding, namely the 
saturation of the energy absorbed by the target, is proposed. This model allows for an approximate analytical solution that 
indicates parameters the saturation energy depends on. The model is validated against the experimental data obtained at MK-200 
pulse plasma accelerator. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The divertor plates and first wall erosion are considered to be one of the key problems for ITER operation. 
Transient events, such as Type I ELMs and disruptions, are especially dangerous. Thermal loads over the range of 
0.5 2Q = −
 MJ/m2 on the timescale of 0.3 0.6τ = −  ms are expected during Type I ELMs. Even larger heat fluxes 
of the order of 0.5 5Q = −  MJ/m2 are expected during thermal quench stage of disruption lasting approximately 
1 3τ = −  ms. Such heat fluxes are much greater than the ones observed at currently operating tokamaks. Linear 
devices, namely quasi steady-state plasma accelerators (QSPA-T, QSPA-Kh, etc.) and pulse plasma accelerators 
(MK-200, for example), are used to study PFCs candidate material performance under the influence of several 
GW/m2 heat fluxes, see papers by N.S. Klimov et al (2011), I.E. Garkusha et al. (2009) and V.M. Safronov et al. 
(2009) for example. The most interesting material for these studies is Tungsten, as it has been chosen over CFC to 
serve as the material for divertor plates. Experiments conducted at the linear devices mentioned indicate strong 
surface modification and cracking, melting and intense melt motion see papers by N.S. Klimov et al (2011) for 
instance. In the absence of the magnetic field or if the field lines are perpendicular to the irradiated surface, the melt 
motion is governed primarily by the plasma pressure. However, under the tokamak conditions, the Lorentz force 
arising due to thermoelectric current dominates over as it has been shown in papers by G.Sergienko et al. (2007) and 
B. Bazylev et al. (2011). This is largely due to the plasma pressure being approximately two orders of magnitude 
lower in tokamaks compared with the linear devices. The other cause is the strong tangential component of the 
tokamak magnetic field that also counts in favor of the Lorentz force. To simulate melt motion governed by JxB 
force at the linear devices, specific preparations are to be done, see paper by I.E. Garkusha et al. (2007). 
As a thin surface layer of the Tungsten target melts, the droplet ejection begins, detailed description of this 
phenomenon can be found in papers by I.E. Garkusha et al. (2009), V.A. Makhlaj et al. (2014) and N.S. Klimov et 
al. (2011). Not only droplet ejection contributes to the erosion, it can also result in the core plasma contamination 
with Tungsten impurity. If any of the bigger splashes that are slow to evaporate reaches the core plasma, it can result 
in discharge performance degradation and even in its possible termination as it has been shown in papers by J.W. 
Coenen et al. (2011) and B. Lipschultz et al. (2012). Finally, if the target surface temperature reaches some 
threshold value, intense evaporation of the target material begins. Evaporated particles form a dense cold secondary 
plasma cloud. This cloud is slowly expanding away from the surface along the magnetic field lines. This so-called 
vapor shield effectively absorbs and re-radiates the energy of the incident plasma flow, dramatically lowering the 
heat flux onto the target surface, one can refer to papers by I.E. Garkusha et al. (2009), V.I. Tereshin et al. (2007) 
and I.M. Poznyak (2014) for further details. The resulting intensive radiation flux can in turn produce significant 
heat loads on less heat-resistant Beryllium first wall elements located close to the radiation source. Therefore, 
accounting for the vapor shielding is vital to estimate the erosion properly. 
Over the years of the vapor shielding studies a number of complicated numerical codes, aimed at the modelling 
of the phenomenon, has been developed, see papers by F. Genko and A. Hassanein (2014), S. Pestchanyi et al. 
(2013), S. Pestchanyi and I. Landman (2009) and the others. However, none of these codes is now capable of full 
Tungsten shielding modelling due to the complexity of the accurate Tungsten radiation transport calculations. On 
the other hand, complex nature of these codes overshadows underlying physics and does not allow for the qualitative 
estimations. In the present work, a simple model is proposed capable of reproducing one of the key features of the 
vapor shielding, namely the saturation of the energy absorbed by the target. This model allows for an approximate 
analytical solution that indicates incident plasma flow and material parameters the energy consumed by the target 
depends upon. The Model is validated against the experimental data obtained at MK-200 pulse plasma accelerator. 
2. Analytical model 
Let us consider a one-dimensional vapor shielding problem. The incident plasma is coming to the target surface 
resulting in the heat flux 0 ( )q t . The temperature distribution inside the target plate is then defined by the heat 
conduction equation: 
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Here ( )Tρ , ( )Tκ  and ( )PC T  are the target material density, thermal conductivity and thermal capacity, 
respectively. ( , )T x t  is the temperature and x  is the distance from the target surface. This equation has to be 
supplemented with boundary and initial conditions. 
At the plasma-target interface, the heat flux equals 0( ) ( ) ( )w radq t q t q t= − , where ( )radq t  is the heat re-radiated by 
the vapor shield away from the target surface. The exact value of ( )radq t  can be found considering radiation 
transport in the tungsten plasma. In our model, we simply assume that the re-radiated power is directly proportional 
to the amount of evaporated material evN , rad rad evq E N= . Here radE  is an effective coefficient that can be 
interpreted as the radiation power of the individual target material ion. 
We now have to define the evaporation rate. Considering a stationary evaporation as the main source of the vapor 
shield formation (i.e. neglecting the droplet ejection contribution), one can write the evaporation rate as 
0 exp( / )ev ev sj j E T= − . Here 0j  is a pre-exponential factor independent of the temperature, evE  is the specific 
evaporation energy and sT  is the surface temperature. Weak square root dependence of 0j  on the surface 
temperature is ignored. According to these assumptions, the boundary condition at the plasma-target interface reads: 
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We mimic temporal dependence of the incident heat flux by the Heaviside function 0 0( ) ( - )pulseq t q H t t= , where 
pulseτ  is the heat pulse duration. 
The boundary condition on the other side of the plate is unimportant. For both the linear devices pulses and 
tokamak transients studied, a characteristic depth of the heat penetration during the plasma impact 
1/ 2( / )pulse Pd Cτ κ=  is short in comparison with the target thickness l . Therefore, one can consider the target plate 
semi-infinite. In this case, the surface temperature evolution is given by the well-known equation that can be looked 
up in book by L.D. Landau and E.M. Lifshitz (1987) for example: 
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Due to heavy dependence of the evaporation flux on the surface temperature, one can neglect the radiation term 
of ( )wq t  until the moment evt τ= , when some characteristic surface temperature of intense evaporation is reached. 
Before this moment the energy absorbed by the target absQ  equals the energy load of the incident plasma flow: 
0 0
0 0
( ) ( ) '
t
abs RAD sQ q t E j T dt d q t
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τ
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   (4) 
Then on the timescale short relative to pulseτ  the vapor shield is formed. With the shield established, the heat flux 
to the target becomes small parameter in comparison with 0q . Keeping in mind that / 1ev sE T   during the pulse, 
except possibly for the intensive evaporation phase, one can get the following scaling for the energy absorbed by the 
target at evt τ  (for more details refer to the paper by S.I. Krasheninnikov et al. (2015)): 
*2ln( )
ev
abs P pulse
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G
πρ κτ≈    (5) 
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Here 3* 0 0/ 4P rad evG C j E q Eπκ= , and *ln( ) 20G ≈  for the typical parameter of the plasma gun experiments.One 
can see that absQ  depends on the target material thermodynamic properties and on the heat pulse duration. However, 
absQ  is virtually independent of the incident plasma heat load if the heat load is larger than the threshold value of the 
vapor shield formation. This result corresponds to the experimental data obtained at QSPA-Kh, QSPA-T and MK-
200. 
3. Numerical calculation 
To verify the model against the experimental data on series of MK-200 pulses, numerical calculations are 
performed. During those pulses, the Tungsten target sample of 1 cm thickness has been irradiated with the plasma 
flow of power varied in range 0 1 20q = −  GW/m2 for the time of 50pulseτ =  ȝs. To reproduce the experimentally 
observed dependence of the energy absorbed by the target on the energy stored in the incident plasma flow using the 
model described, equation (1) is solved along with the boundary condition (2) at the plasma-target interface and 
fixed temperature 300lT =  K on the backside of the target. Thermodynamic properties of Tungsten are taken in 
accordance with the book by V.E. Zinoviev (1989). For the evaporation flux, the stationary evaporation rate into the 
vacuum is used: 
348.167 10 94670( ) expev s
ss
j T
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§ ·⋅
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  (6) 
The Tungsten ions radiation power is estimated employing the coronal model as rad rad eE L n= , where radL  is the 
Tungsten cooling function, and en  is the plasma electron density. The temperature of the Tungsten vapor shield 
observed on MK-200 is estimated to be about 30 eV in the paper by I.M. Pozdnyak et al. (2014). The corresponding 
value of the Tungsten cooling function is taken from the paper by T. Putterich et al. (2010).  
The surface temperature and the heat flux to the target surface evolution calculated for specific case of 20 GW/m2 
plasma flow are presented in Fig.1. One can see that the heat flux is virtually constant until approximately 10 ȝs, 
when evaporation begins. The heat flux then decreases rapidly as the vapor shield forms. The surface temperature 
goes down, slowing the evaporation rate and stabilizing the heat flux to the surface at about 5 GW/m2. Similar 
results are obtained for the plasma flow of any power larger than 12 GW/m2. It is interesting to note that only the 
time of the shield formation varies, while the final heat flux is always the same, 5 GW/m2. Pulses of up to 8 GW/m2 
power do not increase the surface temperature enough to initiate intense evaporation. For those pulses the surface 
heat flux reaching the target remains almost constant through the irradiation process. Pulses of intermediate power 
(between 8 and 12 GW/m2) cause intense evaporation, initiating at the end of the pulse. Therefore, the time of the 
pulse is not enough for the vapor shield to establish fully and only slight decrease of the heat flux is observed. 
 
Fig. 1. (a) Temporal evolution of the surface temperature of the Tungsten target calculated for MK-200 pulse of 20 GW/m2; (b) Temporal 
evolution of the heat flux reaching the target surface during the same pulse. 
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Dependence of the energy absorbed by the target on the impact heat loads is presented in Fig.2. Calculations 
indicate linear growth of absQ  with the impact heat load up to the value of approximately 0.5 MJ/m2. The vapor 
shield formation threshold is then crossed and absQ  saturates quickly. One can see from Fig.2 that the model 
proposed is in reasonable agreement with the experiment not only qualitatively but also quantitatively. 
 
 
Fig. 2. The energy absorbed by the Tungsten target over the energy stored in the incident plasma flow. Dots represent the experimental data 
obtained at MK-200 pulse plasma accelerator; solid curve represents the result of numerical calculations performed using the model described. 
4. Conclusion 
We propose a qualitative model capable of reproducing the dependence of the energy absorbed by the target over 
the energy stored in the incident plasma flow. The model provides reasonable predictions for the absorbed energy 
saturation value reached as the vapor shield comes into play. Furthermore, it allows for the approximate analytical 
solution that indicates general parameters the saturation value depends upon. These are the thermodynamic 
properties of the target material and the duration of the heat pulse. The saturation value is virtually independent of 
the exact details of the shielding mechanic. This is because the intense evaporation only stops as the shield becomes 
dense enough to be effective. Therefore, the shielding details are masked by the strong dependence of the 
evaporation rate on sT . 
The main aim of the vapor shielding studies, however, is to estimate the impact of the vapor shielding upon the 
target erosion rate. Accurate predictions of the erosion rate require, for example, proper radiation transport and vapor 
shielding dynamics treatment. Therefore, one can conclude that matching the energy absorbed is rather pointless in 
terms of validating the vapor shielding models against the experiment. Since the energy absorbed is insensitive to 
some model details that are, however, crucial for the prediction of the amount of the evaporated material. 
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